In the recent work of Ref.
I. INTRODUCTION
Atomic clusters and NanoCrystals (NCs) offer promising perspectives for the study of electronic orders and correlations at the scale of single electronic states in the quantum confined regime, through statistical analysis of the energy levels distribution or the study of the spatial structures of the corresponding wave-functions.
The quantum confined regime is reached when the electronic level spacing δ in a NC is larger than the thermal broadening k B T and larger than the coupling Γ of these levels to the continuum of states within the metallic electrodes employed for measurements. In this regime, the energy of the discrete levels and the spatial distribution of the associated wave-functions depend on the boundary conditions imposed by the surface of the NC.
The quantum confined regime has been intensively studied in semiconducting Quantum Dots (QDots), either in colloidal QDots [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] or in micro-fabricated QDots [13] [14] [15] [16] [17] [18] , where the mean level spacing:
is large because of the large Fermi wavelength λ F = 2π/k F , which makes the experimental identification of the discrete levels in the spectrum easier than in metallic QDots where the Fermi wavelength is short. The energy distribution of the electronic levels and the structure of the associated wave-functions is expected to depend on the location of the energy levels with respect to the Thouless energy E T = h/τ where τ is the propagation time of the electrons across the QDot. With this definition of the Thouless energy, one finds that the ratio E T / δ = (4π/3)(r/λ F ) 2 0.5(r/λ F ) 2 depends only on the ratio of the QDot radius r with the Fermi wavelength. Two regimes of quantum confinement can be distinguished with E T / δ > 1 for the chaotic regime and E T / δ < 1 for the regular regime.
The first regime, where the level spacing is smaller than the Thouless energy, is reached in QDots of radius much larger than the Fermi wavelength. In this case, for electronic states whose energy measured with respect to the Fermi energy is smaller than the Thouless energy, the electronic wave-functions are delocalized on the whole QDot and consequently, the electronic states are correlated through their Fermi statistics. In presence of electron-electron interactions and disorder, this leads to the formation of a complex quantum system with chaotic dynamic 19, 20 . The energy levels are expected to follow a distribution P (ε) given by Random Matrix Theory (RMT) 21, 22 characterized by levels repulsion P (ε → 0) 0 at zero energy as a consequence of Pauli exclusion. Furthermore, the wave-functions are expected to display large amplitude fluctuations with random or possibly fractal structure 23 . This chaotic regime has been studied in micrometer sized QDots micro-fabricated from III-V heterostructures and measured at milli-kelvin temperature in dilution fridges [13] [14] [15] [16] [17] [18] . Fluctuations of the am-plitude of the wave-function have been observed to govern the statistics of the tunnel conductance in the Coulomb blockade regime 13, 17, 23, 24 . The second regime, where the level spacing is larger than the Thouless energy, is reached in QDots of radius smaller than the Fermi wavelength or, equivalently, the Bohr radius. In that case, no level repulsion and no chaotic regime is expected. The electronic states follow a regular pattern described by atomic-like quantum numbers 1S, 1P and so on. This regime has been mostly studied through tunneling spectroscopy on colloidal QDots by Scanning Tunnel Microscopy (STM) [3] [4] [5] [6] [7] [8] [9] [10] or on-chip tunnel spectroscopy 2, 11, 12 . STM mapping of the electronic wave-functions has been attempted on colloidal QDots of InAs 5 . As expected in those nanometer-sized QDots of radius smaller than the Bohr radius, the wave-functions had simple spherical and toroidal structures expected for the S and P symmetry respectively.
Mapping of the random or fractal structure of wavefunctions of QDots in the chaotic regime has not been achieved so far. As described above, this chaotic regime can be reached in large micrometer-sized QDots; however, STM studies of these micro-fabricated QDots is not possible. The chaotic regime can also be reached in nanometer-sized NCs of high carrier density such as metallic NCs where the Fermi wavelength is very small. In addition to level repulsion, more spectacular electronic correlations effects and electronic orders, such as superconductivity, can also be expected in NCs of high carrier density.
The study of quantum confinement effects in high carrier density materials such as metallic and superconducting NCs is, however, challenging because of the short Fermi wavelength. For Pb, which has a Fermi energy E F = 9.4 eV, two Fermi surfaces FS 1 and FS 2 , of characteristics wave-vectors k F1 =7.01 nm −1 , k F2 =11.21 nm −1 and effective mass m * =1.2 m e ; one finds that at the temperature T = 1.3 K, i.e. thermal broadening k B T = 112 µeV, a discrete electronic spectrum is expected for NCs volume smaller than 650 nm 3 , i.e. a sphere or radius 5.5 nm.
In this nanometer size range, discrete electronic levels in metallic grains have been observed through tunneling spectroscopy of nano-fabricated drain-source structures with evaporated aluminum grains [25] [26] [27] or chemically synthesized gold nanoparticles 28 . STM is particularly well adapted to the study of quantum confinement effects in NCs. The instrument can provide both a topographic image of the NCs and spectroscopic data with atomic resolution. This should allow not only the observation of discrete electronic levels but also a mapping of the corresponding wave-functions.
While numerous works exist on the STM study of Ultra-High Vacuum (UHV) grown metallic clusters strongly coupled to the substrate 29 , the study of quantum confinement effects in isolated UHV grown NCs has been hampered by two contradicting requirements: on the one hand, the substrate should be conducting enough to enable a current path to the ground; on the other hand, the NCs should also be separated from this substrate by a second tunneling barrier to preserve quantum confinement, that is the coupling Γ between the substrate and the NC should be smaller than the level spacing, i.e. Γ < δ.
To enable the growth of high quality crystalline NCs, this second tunnel barrier should present a well-ordered surface. While tunnel barriers on a metallic substrate can be formed by oxidation or the deposition of a dielectric 30, 31 , these extrinsic tunnel barriers usually present poor atomic orders not suitable for the growth of highly crystalline NCs. To avoid the use of these extrinsic tunnel barriers, it should be possible to grow metallic NCs on semiconductor substrates to make use of the Schottky barrier as a tunnel barrier. Unfortunately, so far, most published works [32] [33] [34] have shown that the Schottky barriers are usually too opaque to enable electron tunneling at low energy, <1 eV.
As first described in Ref.
1 , we discovered another type of intrinsic tunnel barrier on the (110) surface of InAs, suitable for the study of quantum confinement in nano-sized metallic NCs and enabling tunneling spectroscopy even at very low energy. The (110) surface of InAs presents an electron accumulation layer whose Fermi wavelength is about 20 nm. When metallic NCs are grown on this surface, their electronic coupling with the electron accumulation layer is strongly reduced when their lateral size is smaller than this Fermi wavelength. This phenomenon has been extensively employed in quantum point contacts where tunnel barriers are obtained by squeezing the electron gas with top split-gates to a distance smaller than the Fermi wavelength 35, 36 .
In the first section of the manuscript, we review the experimental data and the arguments leading to the identification of this new type of intrinsic tunnel barrier. In the second section, we describe our studies of quantum confinement in Pb NCs. We identified three distinct regimes of quantum confinement. In the largest NCs of volume about 100-200 nm 3 , one observes a Fabry-Perot regime characterized by discrete quantum levels with regular spatial structure and energy distribution. In the smallest NCs of volume about 1 nm 3 , i.e. atomic clusters, one observes an atomic-like regime characterized by well defined and well separated atomic-like levels. Finally, in NCs of intermediate volume about 10 nm 3 , one finds discrete electronic levels where the corresponding wave-functions have a random structure. This last regime corresponds to the chaotic regime as described by RMT. These observations confirm the system Pb NCs on InAs as the most suitable for the study of quantum confinement effects in metallic/superconducting NCs.
II. A NEW TYPE OF TUNNEL BARRIER

A. Nanocrystal growth
The NCs are grown on the (110) surface of InAs, for which an STM image with atomic resolution is shown Fig. 1a . This surface is obtained by cleaving an 001 oriented substrate, which is n-doped with sulfur to a carrier concentration of N D 6 × 10 16 cm −3 . The Pb NCs are obtained by thermal evaporation of a nominal 0.3 monolayer of Pb on the substrate heated at T=150
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(110) basal plane As shown on the topographic images, Fig. 1 In this manuscript, we will focus on the six NCs shown Fig. 1c-h 43 for more details on the determination of crystallographic orientations.
B. Metal-Semiconductor Interfaces
To clearly understand the nature of the Pb/InAs interface and the peculiar nature of the tunnel barrier requires, first, to review the current understanding of metal/semiconductor interfaces; see Ref. 44 for a detailed review.
On a semiconductor surface, the adsorption of a metal overlayer leads to band-bending as sketched Fig. 2ab . The barrier height φ Bn for the electrons in the conduction band is given by the relation :
where φ m is the metal work function, χ s is the semiconductor electron affinity, W ci is the energy of the bottom of the conduction band, W 0i is the charge-neutrality level and S φ = ∂φBn ∂φm is the slope parameter. This last parameter describes the dependence of the barrier height on the metal work-function. When no interface states are present, the barrier height is given by the well-known Schottky-Mott formula, φ Bn = φ m − χ s , i.e. S φ = 1 in Eq. 2. In this case, the barrier height is proportional to the amplitude of the metal work function. In the other limit, when interface states are present, the barrier height is given by the Bardeen formula, φ Bn = W ci − W 0i , i.e. S φ = 0 in Eq. 2. In this case, the Fermi level is pinned by interface states at the charge neutrality level. The charge-neutrality level separates the electron-type levels from the hole-type levels. As described in Refs. [44] [45] [46] [47] , because the interface states derive from the band structure of the semiconductor, the charge neutrality level is an intrinsic property of the semiconductor, which implies that the barrier height does not depend on the metal work function.
A plot of the slope parameter measured experimentally for many distinct semiconductors, Fig.2e , shows that in III-V semiconductors the slope parameter is close to zero, indicating that the barrier height is set by the Bardeen c) The (110) surface of InAs cleaved in UHV is free of interface states, implying that the Fermi level is not pinned and the bands remain flat up to the surface. d) Because the charge neutrality level W0i of InAs is above the conduction band, the deposition of a metal layer on the top of InAs leads to interface states and an accumulation layer of electron below the metallic layer. e) The slope parameter S φ as a function of electronegativity difference for a series of binary semiconductors extracted from Ref. 44 . Ionic semiconductors, i.e. high electronegativity difference, tend to have a large slope parameter, which implies that the Mott-Schottky model applies. In contrast, covalent semiconductors such as GaAs and InAs (not shown on the graph) tend to have a small slope parameter implying the presence of a large density of interface states that pin the Fermi level at the charge neutrality level, i.e. Bardeen model. relation, where a large density of interface states is induced by the metal overlayer and leads to a pinning of the Fermi level.
For most III-V semiconductors, the charge neutrality level lies within the band gap except for small gap materials like InAs and InSb, where the charge neutrality level has been found within the conduction band 45, [48] [49] [50] . Consequently, the adsorption of a metal overlayer leads to the formation of an accumulation layer of electrons, as sketched Fig. 2d . In particular, on InAs (110), the Fermi energy is found at about 100-400 meV above the conduction band minimum upon deposition of different adsorbates such as H, O, N, Cl, Ag, Au, Ga, Cu, Cs, Na, Sb, Nb, Fe and Co [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . For Pb, while no data exists for the (110) surface, it was shown that one mono-layer of Pb on the (100) surface of InAs leads to an accumulation layer of electrons 64 . Pinning of the Fermi level can also occur at bare UHV cleaved surfaces as consequence of native surface defects. On InAs, this leads to the formation of an accumulation layer at (100) and (111) surfaces 65, 66 , but not on the (110) surface where the band remains flat, Fig. 2c . This results from the fact that the (110) surface contains the same number of cations and anions per unit area. Thus, this surface is intrinsically neutral, free from defects and no reconstruction is ever observed for this surface 45 . Consequently, no pinning of the Fermi level is ever observed for the UHV cleaved (110) surface.
One remarkable consequence of the absence of Fermi level pinning is the possibility to shift the conduction band energy with the electric field induced by the STM tip. This leads to the formation of a QDot induced by the band bending generated by the STM tip, as sketched 16 cm −3 , the Fermi level E F is 21 meV above the conduction-band minimum. A zoom of these spectra on the energy range [-150, 100] meV, Fig. 3c , shows the presence of small conductance peaks. These peaks result from tip-induced QDots, as already observed in past works 50, 67 . So far, these tip-induced QDots have been observed only on the (110) surface of InAs, confirming that the Fermi level is not pinned at this surface. We also find that these tip-induced QDots are present near the Pb NCs, which demonstrates that the surface states induced by Pb deposition on InAs are only localized below the Pb NC and do not extend significantly far from the NC, as sketched Fig. 3e . If the Pb-induced interface states were extending far from the NCs, the Fermi level would be pinned and no tipinduced QDots would be observed, in contradiction with the experimental observation. Fig. 3f shows a large area 1 µm×1 µm topographic image where NCs are observed to be accumulating along an atomic step edge of the a) The band bending induced by the tip leads to the formation of a QDot into the accumulation layer at the surface of InAs. This QDot has discrete electronic levels that are seen as conductance peaks into the tunneling spectra shown panels b) c) and h). b) Conductance spectrum dI/dV measured along the red arrow shown panel d. The edges of the conduction and valence bands are clearly visible, as well as the conductance peaks dues to the discrete levels in the tip-induced QDot. c) Zoom at low bias on these conductance peaks. d) Pb NC grown on (110) surface of InAs. The red arrow indicates the line along which the spectra showed panels b) and c) have been measured. e) Schematic representation of the Pb NC on the InAs surface, below which an electron accumulation layer should exist. f) 1 µm×1 µm topographic image of Pb NCs accumulating along an atomic step edge of InAs. g) Zoom on the area indicated by a red arrow on panel f. h) Color map of the DC plotted as a function of sample bias and distance along the arrow indicated on panels f) and g). This color map displays large fluctuations in the energy of the discrete levels of the tip-induced QDot observed in the energy range [0-100 meV]. Near zero-bias, a small superconducting gap induced by proximity effect is observed. The orange curve is a DC curve taken at the position indicated by dash orange line.
InAs substrate. From this image, a zoom is extracted and shown Fig. 3g . Along the red arrow shown on this last panel, the DC is measured and shown as a distancevoltage map Fig. 3h . This map displays large variations in the energy of the tip-induced QDot, where the length scale for the shifts in these energy levels is about 20 nm, which is of the order of the Fermi wavelength of the accumulation layer. These energy shifts likely result from the changing electrostatic environment as a consequence of the presence of the Pb NCs. 69 describes nicely the Coulomb characteristics observed in the IV curves. This weak coupling model describes four regimes, labelled I to IV, distinguished by the ratio C tip /C sub and the fractional residual charge Q 0 on the NC. For our system Pb/InAs, the tip-NC capacitance is within the range C tip ≈ 0.1 − 0.5 aF, while the substrate-NC capacitance is within the range C sub ≈ 1 − 10 aF. While both values are increasing with the NC area A, we find that the ratio C sub /C tip ≈ 10 is only weakly changing. This value of the capacitance ratio implies that case III of Ref.
69
applies to our system, where the residual charge has a negligible effect on the width of the Coulomb gap at zero bias. In this case, the width of the Coulomb gap at zero bias is given by δV sub = e/(C sub + C tip ). The voltage interval between the peaks provides the addition voltage δV add for an electron, which is related to the addition energy by : δV add = E add /eη where η = Ctip Ctip+C sub ≈ 0.1 is the arm lever. Fig. 4b , extracted from Ref. 1 , shows that C sub extracted from the Coulomb gap at zero bias is a linear function of NC area A. From this dependence C sub = Aε/d, using ε = 12.3, the dielectric constant of InAs one extracts d = 4 nm for the effective tunnel barrier thickness. Table 1 shows a summary of parameters extracted for these NCs, i.e. the NC volume, the NC height, the NC area, the Coulomb energy, the calculated mean level spacing for the two Fermi surfaces of Pb and the Thouless energy.
The addition energy, i.e. the energy for adding one electron into the NC, is given by :
where the first term is the Coulomb energy, the second term depends on the parity of electron occupation number as a consequence of the formation of a Cooper pair 72, 73 , the third term is the electronic level spacing in the NC.
Thanks to the quality of the tunnel barrier enabling very sharp Coulomb charging peaks, it has been possible to study, for the first time by STM, the evolution of the superconducting parity effect in the Coulomb charging energy across the Anderson limit 1 . As shown Fig. 5 for NC IV, in this experiment, the level spacing is obtained from the difference between successive addition energies δ = δE HT measured at high temperature (T > T c ). From the difference between successive addition energies δ = δE LT at low temperature, the superconducting parity effect has been extracted. A detailed analysis of this parity effect as a function of NC volume is given in Ref.
1 . A plot of the level spacing extracted from the addition energies at high temperature is shown Fig. 6a . The strong scattering observed in those data likely reflects the random structure of the spectrum where the level interval varies strongly. Despite this scattering, one sees that the relation 1 for the mean level spacing properly describes the evolution of the level spacing with decreasing NC volume. Fig. 6b shows the level spacing calculated from tight-binding calculations for pyramidal NCs as observed experimentally. In these calculations, each Pb atom of a NC is characterized by two s and six p atomic orbitals, including the spin degree of freedom. The spin-orbit coupling is taken into account. The hopping terms are written in the two-center approximation and include interactions up to second-nearest-neighbors. The tight-binding parameters are given in Supp. Info. 43 The calculations can reproduce the average level spacing as a function of NC volume and, interestingly, the scattering in the level spacing. For the sake of comparison with experiments, flat NCs made of 4 atomic rows were also considered for the smallest sizes. Interestingly, the average level spacing follows the same function of the NC volume as for pyramids. 
E. Nature of the tunnel barrier
The observation of Coulomb blockade and quantum confinement in those Pb NCs raises the question of the nature of the tunnel barrier between the NCs and the substrate. As discussed above, no Schottky barrier is expected at metal-InAs interfaces 45, 50 but instead an electron accumulation layer is expected in the InAs below the Pb NC. The origin of the tunnel barrier appears clearly after plotting the amplitude of the charging Coulomb peaks as a function of the NC area, Fig. 4c . One sees that the amplitude goes to zero for a NC area about πλ 2 F /4 300 nm 2 , where λ F = 20 nm is the Fermi wavelength of the electron accumulation layer below the Pb NC. This wavelength is calculated assuming that the Fermi energy E F = 150 meV, of the accumulation layer is at the charge neutrality level 45, 50 . As known from numerous works with quantum point-contacts formed in 2D electron gas 35, 36 , the transmission coefficient T decreases for constrictions smaller than the Fermi wavelength. Thus, in our experiment, because the area of NCs is smaller than λ 2 F , their transmission coefficient with the 2D gas is significantly smaller than one, which corresponds to a tunneling regime and explains the observation of the Coulomb blockade.
Thus, the dielectric thickness d = 4 nm extracted from C sub above is actually set by the Debye length of the 2D gas and C sub actually corresponds to the quantum capacitance of InAs. Finally, a survey of the literature shows that Coulomb blockade has already been observed in metallic clusters deposited on InAs 41, 42, 74 . The nature of the tunnel barrier was not identified in those works, though.
III. QUANTUM CONFINEMENT
In addition to the Coulomb peaks, the DC curves of Fig. 4a also display additional peaks resulting from discrete levels induced by the quantum confinement. On the largest NCs I to V, the peaks are of small amplitude, they are indicated by stars in Fig. 4a . On the smallest NC, labeled VI, no Coulomb peaks are observed but only large atomic-like levels resulting from strong quantum confinement in this atomic cluster. These three distinct regimes of quantum confinement are now discussed in more details.
To identify the origin of conductance peaks indicated by stars in Fig. 4a, Fig. 7a shows a DC map as a function of X-voltage on NC IV, along the arrow shown on the NC topographic image Fig. 7d . One can see: first, that the voltage position of Coulomb peaks changes slightly with the tip position above the NC, as a consequence of the variation in the tip-NC capacitance C tip ; second, faint local conductance maxima indicated by red dots. Fig. 7b shows DC maps as a function of lateral XY position measured on the square area indicated by thin lines Fig. 7d . These maps are plotted only at selected bias indicated by red arrows on Fig. 7c . These maps show maxima running along the Y direction of the NC, which is the direction of constant NC height as sketched Fig. 7d . This observation indicates that the observed maxima are the consequence of quantum confinement along the vertical direction Z of the NC. Averaging these maps along the Y direction leads to a DC map as a function of X-voltage, shown Fig. 7c , where one sees appearing clear local maxima as in Fig. 7a . These local maxima correspond to quantum well states whose energy is essentially controlled by the thickness of the NC. Similar quantum confinement has also been observed for 111 oriented 2D Pb thin films grown on silicon, where the quantum well states have been observed by photoemission 75 and STM 76, 77 . The X-voltage coordinates of these states on the DC map Fig. 7c can be reproduced properly by the simple phase accumulation model 75, 78 . In this model, the condition for a standing wave and the formation of quantum well states is : where N is the number of atomic layers traveled by the electrons in the 111 direction, n is an integer, and δφ is an additional phase shift experienced by the electron at the boundaries of the NC. The different families of quantum well states are labeled by the index P=2n-3N. Thus, this Fabry-Perot regime of quantum confinement produces states regularly organized in space and energy and constitutes the regime of quantum confinement observed in large Pb NCs.
For very small NCs, i.e. atomic clusters, such as NC VI, of volume about 1.5 nm 3 , the DC presents large conductance peaks that result from quantum confinement in all directions of the NC. This spectrum has an atomiclike look with large energy level separation about almost 1 eV as visible on Fig. 4a . This atomic-like regime constitutes the regime of quantum confinement observed in atomic clusters. 
For intermediate NC volume about 10 nm
3 between the Fabry-Perot regime and the cluster regime, such as NC V, the level spacing becomes large enough for the discrete electronic levels to be seen as small peaks in the DC, as indicated by dashed lines on Fig 8a. For this NC, the Coulomb gap at zero bias is about 200 mV. The 6 DC spectra shown in this figure are extracted from a grid of 128 × 128 = 16384 spectra taken on the square indicated by dotted lines on the topographic image Fig. 8b . The location where these 6 spectra have been taken are indicated by symbols on the topographic map Fig. 8b and DC maps Fig. 8c. From this spectra Fig. 8c . The first 6 DC maps are taken at voltage values corresponding to the discrete electronic levels, they show that the amplitude of these small peaks changes with the lateral position on the NC. The last two DC maps are taken at voltages values close to the Coulomb peak value, they show Coulomb rings that correspond to contours of constant electrostatic energy.
To quantify the number of discrete levels in the NC, we run an algorithm on all the 16384 spectra to find all local maxima on the voltage range [- This observation of 6 peaks only into the histogram allow concluding that the electronic spectrum of the NC can be described, on this voltage range, by only 6 distinct electronic levels. From the voltage difference between the peaks, we find an average level spacing about 35 meV. This value is about 2 times larger than the theoretical value calculated for the Fermi surface FS 1 and about 3 times larger than the value calculated for the Fermi surface FS 2 , see Table 1 . For this small NC, an error on the volume by a factor of 2 cannot be excluded, as this corresponds to a change of 25% for the linear size of the NC. Furthermore, shell effects or random level distribution effects could possibly explain this discrepancy between the measured level spacing and the expected theoretical mean value. Despite this discrepancy, the small peaks can be safely assigned to single electronic levels within the Pb NC.
To extract the amplitude of the wave-function for each state, we fit the spectrum on the voltage range [-0.275 V,-0.025 V] with the function 5, i.e. the sum of 6 Lorentzian describing the 6 levels centered at the energies ε i identified in the histogram and linewidth Γ = 13 meV :
Following the fit of all spectra, we can plot maps of the amplitude A i of the Lorentzian as a function of the XY position, shown Fig 9c. These maps represent the amplitude of the wave-functions associated with the discrete electronic levels.
While mapping wave-functions has already been done previously on InAs QDots 5 , where wave-functions of simple spherical or toroidal symmetry were observed, it is the first time that a map of the wave-functions of discrete levels in metallic NC is presented. In contrast to the QDot InAs, we find that the wave-functions in our metallic NCs have a random structure. This is actually not surprising. As shown Table 1 , the Thouless energy for this NC is about 190 meV which is above the energy of these discrete levels, except for the first one. This implies that the states are in the chaotic regime and the wave-functions should have a random structure 21, 22 .
IV. CONCLUSION
While STM seems an ideal experimental method for the study of quantum confinement effects in highly crystalline NCs grown in UHV, its development was hampered by two contradicting requirements: first, the substrate should be conducting enough to provide a current path to the ground, second, the NC should be separated from this substrate by a tunnel barrier. Using an InAs substrate presenting an electron accumulation layer of large wavelength ∼ 20 nm, we found that NCs of lateral size smaller than this length are in the regime of Coulomb blockade. This results from the constriction of the electronic wave-function across this interface whose lateral size is smaller than the Fermi wavelength, implying that the electronic transmission across this interface drops below unity, even in the absence of any real insulating barrier at the interface between the NC and the InAs substrate. This highly clean tunnel barrier enabled the first STM observation of the superconducting parity effect 1 , an unambiguous test of the Anderson criterion for the existence of superconductivity 1 and finally, in this manuscript, the observation of discrete electronic levels due to quantum confinement in the Pb NCs. We identified three regimes of quantum confinement. In the largest NCs, we found a Fabry-Perot regime where regular quantum well states are formed due to quantum interference along the 111 direction of the Pb NC. In the smallest NC, i.e. atomic clusters, we found atomic-like electronic levels. Finally, in the intermediate regime, we found the signature of discrete electronic levels in the DC spectra for which we mapped the corresponding wave-functions.
We found that these wave-functions had a random spatial structure as expected for NCs in the chaotic regime of RMT. Future works in this direction with higher energy resolution at lower temperature may enable extracting correlations effects from the wave-function amplitude, such as due to Fermi statistics, superconducting correlations or more generally, electron-electron interactions. This observation of discrete electronic levels in metallic Pb NCs establishes today Pb/InAs as the most suitable system for the study of quantum confinement effects in metallic/superconducting NCs.
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